Magnetoresistance of a 2D electron gas caused by electron interactions
  in the transition from the diffusive to the ballistic regime by Li, L. et al.
ar
X
iv
:c
on
d-
m
at
/0
20
76
62
v1
  [
co
nd
-m
at.
me
s-h
all
]  
27
 Ju
l 2
00
2
Magnetoresistance of a 2D electron gas caused by electron interactions in the
transition from the diffusive to the ballistic regime.
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On a high-mobility 2D electron gas we have observed, in strong magnetic fields (ωcτ > 1),
a parabolic negative magnetoresistance caused by electron-electron interactions in the regime of
kBTτ/~ ∼ 1, which is the transition from the diffusive to the ballistic regime. From the temper-
ature dependence of this magnetoresistance the interaction correction to the conductivity δσeexx(T )
is obtained in the situation of a long-range fluctuation potential and strong magnetic field. The
results are compared with predictions of the new theory of interaction-induced magnetoresistance.
Electron-electron interaction (EEI) corrections to the
Drude conductivity σ0 of 2D systems have been inten-
sively studied over two decades. These studies were
based on the theory of interactions in the diffusive regime,
kBTτ/~ < 1 [1]. Physically this condition implies that
the effective interaction time, ~/kBT , is larger than the
momentum relaxation time τ and therefore the two in-
teracting electrons experience scattering by many impu-
rities. In the ballistic regime, kBTτ/~ > 1, electrons
interact when scattered by a single impurity. A theory
of the interaction correction for such a case was only re-
cently developed [2], and there have already been sev-
eral experimental attempts to apply it to the conduc-
tance of high-mobility (large τ) semiconductor structures
[3, 4, 5, 6, 7, 8]. An essential feature of this theory is
that the impurities are treated as point-like scatterers –
the condition which is not satisfied in structures where
the impurities are separated from the 2D channel by an
undoped spacer (unless the spacer is thick enough for
the background impurities to dominate the scattering).
There is then a question of how the interaction correc-
tion in the ballistic regime manifests itself in a smooth
fluctuation potential.
Introducing a long-range scattering potential is ex-
pected to suppress the interaction correction in the ballis-
tic regime considered in [2]. This correction is caused by
electron back-scattering, but in the case of a smooth po-
tential the backscattering is significantly reduced. How-
ever, as shown in [9, 10], applying a strong magnetic field
increases the probability of an electron to return back and
restores the interaction correction.
Experimentally, the interaction correction δσeexx(T ) is
usually obtained from the temperature dependence of the
conductance, where it has to be separated from the in-
terference correction δσWLxx (T ) caused by the weak lo-
calisation (WL) effect [11], as well as a possible clas-
sical contribution from phonon scattering. It has been
shown however that in the diffusive regime there is an ele-
gant method of detecting δσeexx(T ) from the perpendicular
magnetoresistance [12]. The interaction correction gives
rise to the parabolic negative magnetoresistance (NMR),
expressed by the following relation at ωcτ > 1:
ρxx =
1
σ0
+
1
σ20
(µ2B2)δσeexx(T ), (1)
where µ is the electron mobility. This relation is de-
rived by converting the conductivity tensor into the re-
sistivity tensor and using the fact that in the diffusive
regime the Hall conductivity is not affected by interac-
tions: δσeexy(T ) = 0. Another essential specific of the
diffusive regime used in its derivation is that δσeexx(T )
and δσeexy(T ) are not changed with strong magnetic field
applied [13].
There have been several experiments where this
method of extracting the interaction correction was used
[12, 14, 15]. However, apart from the experiment [14] on
low-mobility structures, these experiments were in fact
performed not in the diffusive but ballistic regime, where
Eq. 1 is not justified. The extracted quantity δσeexx(T )
should be neither a logarithmic correction in the diffusive
regime [1], nor a linear correction in the ballistic regime
[2] derived for classically small magnetic fields.
The new theory [10] considers the interactions in the
ballistic and intermediate regimes in strong fields ωcτ >
1. It shows that interactions in systems with a long-
range potential will also produce a parabolic magnetore-
sistance described by Eq. 1. According to this theory,
strong magnetic field not only restores the interaction
correction, but also provides the required condition for
Eq. 1: δσeexy(T )/σxy < δσ
ee
xx(T )/σxx. The theory gives a
distinct prediction for the magnitude of the magnetore-
sistance δσeexx(T ) in Eq. 1. The aim of this work is to
study the magnetoresistance caused by electron-electron
interactions in the intermediate regime, in a structure
with long-range fluctuation potential, and to compare
the results with the prediction of [10].
The sample is a standard modulation doped n-GaAs
heterostructure. The doped layer is separated from the
conducting channel by an undoped spacer d = 20 nm.
The wafer has been mesa etched to a Hall bar pattern.
Measurements have been performed by a standard 4-
terminal method with a current of 0.4 - 2 nA. The elec-
tron mobility changes in the range 0.42 × 105 − 5.5 ×
2105cm2/Vs with increasing carrier density, which is lower
than that of the samples in [12]. The range of electron
densities is from 0.46× 1011 cm−2 to 2× 1011 cm−2. The
parameter kBTτ/~ in our experiment is varied from 0.04
to 3.8. (This value is 3.3– 33 in [12], 1.7–5.6 in [15] and
0.004–0.18 in [14]).
The magnetoresistance of the 2DEG with n = 6.8 ×
1010cm−2 is shown in Fig. 1(a). To analyse the data
in terms of theory [10], we have to prove first that the
experimental conditions satisfy the theoretical approxi-
mations. Firstly, in the measured electron density range
the kFd value varies from 1.2 to 2.2, which proves that
the fluctuation potential, with the correlation length d,
is indeed long-range. This is further supported by an es-
timation of the ratio of the momentum relaxation time
to the quantum time found from the magnitude of the
Shubnikov–de Haas oscillations: τ/τq varies from 24 at
the highest to 4 at the lowest electron density. Secondly,
the magnetoresistance is analysed in the magnetic field
range ωcτ > 1. Thirdly, the gated structure is suitable
for the study of interaction effects as the gate is separated
from the 2DEG by 70 nm, while the separation between
electrons is in the range from 13 nm to 26 nm and there-
fore interactions are not screened by the metallic gate.
One can see in Fig. 1 that the negative magnetore-
sistance exhibits a sharp change in small fields, followed
by a parabolic dependence in higher fields. The sharp
change is caused by the WL effect which is suppressed by
magnetic field. We will analyse the parabolic magnetore-
sistance in the range of fields well above the ‘transport’
magnetic field Btr = ~/4Deτ ∼ 0.013T, to make sure
that the WL contribution to the negative magnetoresis-
tance is negligible. On the other hand, the magnetic
field should not be too large, in order to prevent the
development of the positive magnetoresistance caused
by the Zeeman effect on the interaction correction [1].
This condition is also satisfied in our experiments where
gµBB/kBT <∼ 1. The contribution of this effect to the
measured mangetoresistance can be estimated, from the
theory of interactions in the diffusive regime [1] and in
the ballistic regime with point scatterers [2], as being less
than 1% in the entire range of studied fields and thus can
be neglected.
After the initial rapid change, the magnetoresistance
develops a parabolic dependence, Fig. 1 (b). It is temper-
ature dependent and shows immediately the qualitative
features of the model [10], Fig. 1(c). A flat region can be
seen at small fields, which is a clear indication that the
long-range potential at small field suppresses the interac-
tion correction which is then restored by larger fields. In
accordance with the theory, the flat region is better seen
at higher temperatures. Another feature is seen in Fig.
1(d) - with increasing temperature the magnetoresistance
becomes positive (in the model this is the result of the
Hartree term becoming dominant over the exchange term
at higher temperatures).
Before proceeding with the analysis of the strength of
the magnetoresistance at different temperatures and ex-
tracting the temperature dependent EEI correction, we
would like to note that there is also a classical contribu-
tion to the parabolic negative magnetoresistance in high-
mobility structures which can also be seen in strong fields
[16, 17]. This NMR originates from the fact that the mag-
netic field makes it possible for electrons to ‘cycle’ around
impurities and become localised, and hence do not con-
tribute to the conductance. The magnitude of this effect
is very different for short-range and long-range fluctua-
tion potentials. In the case of short range scatterers the
classical magnetoresistance has the form [16, 18, 19]:
ρxx = ρ0
1− p
1 + p2/(ωcτ)2
, (2)
where p = exp(−2pi/ωcτ) is the fraction of cycling elec-
trons, and ωc is the cyclotron frequency. Fig. 2 shows
the comparison of the prediction by [16] with exper-
imental results at the intermediate electron densities
n = 5.7 × 1010 cm−2 and n = 9.0 × 1010 cm−2. At
high densities the magnitude of the classical effect ex-
pected for short-range scatterers is much stronger than
the measured magnetoresistance. Furthermore, the di-
rection of its change with varying density (different τ)
would be opposite to the experimental situation. This
proves again that in the studied samples we are dealing
with long-range rather than short-range scattering. It is
the presence of a smooth potential which significantly de-
creases the classical NMR [17], since the ‘cycling’ electron
trajectories will now become the trajectories ‘wandering’
in the potential landscape. For the moment we assume
that the contribution of the classical magnetoresistance
is negligible and attribute all magnetorestance to the in-
teraction correction δσeexx(T ) (later we will come back to
this question).
We plot the resistivity as a function of B2 and from the
slope of the straight line obtain δσeexx(T ). Fig. 3 shows
the temperature dependence of δσeexx at different electron
densities, where experimental points concentrate around
one curve. This curve becomes rather close to the interac-
tion correction in the exchange channel [10] if one makes a
vertical shift of the theoretical curve by ∆σ = −0.07e2/h.
We want to emphasise that apart from this small shift
there are no adjustable parameters involved in the anal-
ysis. It is interesting to note that the interaction correc-
tion δσeexx(T ) found from the temperature dependence of
the conductance at B = 0 is defined with an accuracy
of a constant contributing to a renormalised value of the
momentum relaxation time. In the method of quadratic
magnetoresistance, this constant does not contribute to
the magnetoresistance and no shift is allowed in compar-
ing the results with the theory. We will discuss below
a possible physical origin of this additional, temperature
independent contribution to the quadratic magnetoresis-
tance.
3The theoretical curve plotted in Fig. 3 is given by the
following expression that describes electron interactions
in the exchange channel:
δρxx(B)
ρ0
= − (ωcτ)
2
pikF l
GF (Tτ), (3)
where kF is the Fermi wave number and l is the mean free
path. The function GF (x) has the asymptotes GF (x ≪
1) ≃ −lnx+ const and GF (x ≫ 1) ≃ (c0/2)x−1/2, with
c0 ≃ 0.276.
Measurements at different electron densities have en-
abled us to cover a broad range of the parameter Tτ and
detect the specific features of this dependence. It shows
a logarithmic behaviour at small Tτ , followed by a rapid
disappearance of the interaction correction at higher tem-
peratures. The results show good agreement with the
expected ‘saturation’ at Tτ ∼ 0.5, which means that the
turning effect of magnetic field is reduced with increas-
ing temperature and electrons have less chance to return
back in the long-range potential.
Note that if one naively compared the obtained depen-
dence σeexx(T ) with the one calculated in [2] (for point-like
scatterers in zero field), a striking difference would be
seen, Fig. 3 (dotted line). The latter has a linear asymp-
tote at Tτ ≫ 1 and does not show any saturation.
It is important to emphasise that the comparison was
made with the contribution from the exchange channel
only, however it is known that there is another (Hartree)
term in interactions controlled by the Fermi liquid in-
teraction parameter F σ0 . Comparing the total interac-
tion correction (exchange plus Hartree [10]) with the ex-
periment shows that the Hartree contribution is much
smaller than the exchange contribution. It can be seen
in Fig. 3 that within the experimental error the magni-
tude of the parameter F σ0 in our case cannot be larger
than 0.1–0.2. The value of F σ0 depends on the pa-
rameter rs = 1/(pin)
1/2aB, which is the ratio of the
Coulomb and kinetic energy of electrons. The value of
the Fermi liquid parameter is only known for rs < 1:
F σ0 = − 12pi rs√2−r2
s
ln(
√
2+
√
2−r2
s√
2−
√
2−r2
s
) [2]. We plot this value
in Fig. 4, together with results of two recent experiments
where it was determined, in different 2D structures, at
large rs. (The latter results were obtained on systems
with little effect of the smooth potential, using analysis
based on theory [2].) The overall trend on Fig. 4 indi-
cates that in our range of rs = 1.2− 2.6 it is reasonable
to expect the value of F σ0 to be ∼ −0.15.
Let us now return to the observed shift in Fig. 3.
We believe that it is caused by a contribution from the
classical NMR [17], known to be T -independent, which
we completely ignored earlier because the long-range po-
tential suppresses the mechanism described by Eq. 2.
Quantitatively, the parabolic classical negative magne-
toresistance depends on the ratio of the short- and long-
range scattering times, τs/τL. For the case of τL > τs,
the magnetoresistance is given by the following relation
[17]:
δρxx/ρ0 = −ω2c/ω20 , (4)
where ω0 = (2pins)
1/2vF (2ls/lL)
1/4, with ns the con-
centration of the strong scatterers, ls and lL the mean
free paths for strong and smooth potential scatterers,
respectively. Increasing the contribution of long-range
scattering (increasing this ratio) significantly suppresses
the classical magnetoresistance. We can estimate the
value of τL using the expression for τ in the case of re-
mote donor scattering [21]: 1τ =
(pi~)n2D
s
8m(kF d)3
, where n2Ds
is the concentration of scattering donors which is ap-
proximately equal to the electron density. For short-
range scatterers the estimation of τ can be done us-
ing the relation 1τ =
haBn
3D
s
m(kF aB)3
for background impurity
scattering, assuming that n3Ds ∼ 3 × 1014 cm−3. For
n = 9.0× 1010cm−2 these estimations give τL ∼ 6 ps and
τs ∼ 10 ps, which are close to the momentum relaxation
time τ = 6.8 ps. An estimate using Eq. 4 shows that
this effect can indeed account for the experimentally ob-
served shift. A more accurate comparison is, however,
complicated due to uncertainties in the values of τs and
τL and the fact that Eq. 4 is, strictly speaking, only valid
for τL ≫ τs.
In conclusion, we have studied the magnetoresistance
of a high-mobility 2D electron gas in a GaAs/AlGaAs
heterostructure where the electron scattering is deter-
mined by a long-range fluctuation potential. In clas-
sically strong magnetic fields we have observed nega-
tive magnetoresistance, which is parabolic and temper-
ature dependent. We have shown that this magnetore-
sistance originates from the electron-electron correction
to the conductance. We have extracted this correction
and demonstrated that it is well described by the recent
theory of interactions in the regime which is intermediate
between the diffusive and ballistic regimes.
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Figure captions:
Fig. 1. (a) Longitudinal resistivity versus magnetic field
for electron density n = 6.8× 1010cm−2 at different tem-
peratures: T = 0.2, 0.8, 1.2 K. (b) The same data pre-
sented as a function of B2. (c) Zoomed-in region of
ρxx(B) from (a) at T = 1.2 K, showing a flat region
at small fields. (d) ρxx versus B
2 for another density,
n = 9 × 1010cm−2, at T = 0.4, 1.2, 4.2 K, showing a
transition from negative to positive magnetoresistance.
Fig. 2. Solid lines: Negative magnetoresistance for the
momentum relaxation time τ = 6.8 ps and τ = 2.3 ps.
Dashed lines: NMR introduced by the classical effect [16],
with τ = 6.8 and 2.3 ps.
Fig. 3. Conductivity correction due to interactions,
obtained experimentally at different electron densities
n = 0.46, 0.57, 0.68, 0.90, 1.2, 1.4, 2.0 × 1011 cm−2 (dif-
ferent symbols for different densities, circles correspond
to the lowest density). Solid line - theoretical prediction
for the correction due to exchange interaction, shifted by
−0.07e2/h. Dashed line - theory for the total correction
which includes exchange (Fock) and Hartree interactions
with Fermi-liquid parameter F σ0 = −0.15. Dotted line
shows the result of the interaction theory for point-like
scatterers in the transition from the diffusive to the ballis-
tic regime (exchange term at zero magnetic field). Inset:
the same results presented in the logarithmic scales.
Fig. 4. The dependence of the Fermi liquid parameter
on rs. Dashed box indicates an approximate range of rs
and F σ0 for the structures in this work. Open squares:
results from Ref.[3] for hole gas in p-GaAs heterostruc-
tures. Solid squares: results from Ref.[4] for electron gas
in Si MOSFETs. Solid line is the theoretical curve for
small rs [2].
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